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ABSTRACT 
 
 
 
Stress injuries typically develop as a result of overuse and lack of recovery. 
However, despite a 7-year stress fracture incidence rate of approximately 40%, in vivo bone 
stresses and strains do not approach levels of ultimate strength. Therefore, there must be 
outside factors such as muscle fatigue which lead to increased strain and injury risks. 
PURPOSE: Muscle fatigue during a long distance run may lead to increased bone strain in 
the tibia, and result in increased injury risk. METHODS: Sixteen runners did a graded 
treadmill test to determine max heart rate and VO2,max, which were then used to set the 
fatiguing speed for the long distance run. Before and after the fatiguing run, participants 
completed 10 trials over the force platform and through the field of view of an eight camera 
system within 5% of the fatiguing speed and with the right foot hitting the platform. Stance 
phase was analyzed for joint, muscle and contact forces. These forces were then distributed 
on an individually scaled finite element model (FEM) tibia and the peak principal strain 
location and magnitude were determined. The magnitude and location of pre- and post-
principal strain and von Mises equivalent strain were compared using a repeated measures 
t-test. RESULTS: Peak principal strains in both compression and tension were significantly 
reduced at the point of peak contact forces (P < 0.001). In addition, von Mises equivalent 
strains decreased significantly at the 95th percentile and median values (P< 0.001). 
CONCLUSION: The hypothesis that strain magnitude would increase as a result of fatigue 
was not supported. Several variables such as triceps surae muscle force, vertical stiffness, 
and step width were altered by the run but none of these changes reached statistical 
significance. Model inputs were slightly decreased, and perhaps may have been the reason 
vii 
 
for the decrease. Further research is necessary to determine the exact reason. Limitations 
for this study included not including a fibula in the model, maintaining bone properties 
from pre- to post-fatigue, and a lack of quantification of fatigue.  
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CHAPTER 1: GENERAL INTRODUCTION  
 
 
 
1.1 Introduction to the Problem 
Lower leg stress fractures account for the largest majority of stress injuries in 
athletes, with an incidence of 40% over 7 years (Changstrom, Brou, Khodaee, Braund, & 
Comstock, 2015). 46-78% of long distance runners specifically developed tibial stress 
fractures during a year of high school track and cross country (Bennell, Malcolm, Thomas, 
Wark, & Brukner, 1996; Changstrom et al., 2015). Track and cross-country athletes are not 
the only population that develop stress fractures in the tibia; such injuries have been 
documented across a variety of sports, (Changstrom et al., 2015), as well as in recreational 
runners and military recruits. In addition, recreational running, over the last decade, has 
grown from about 25 million participants to about 42 million participants (Running USA, 
2014). The increased interest in recreational running also indicates a potential rise in injury 
occurrence. However, despite the obvious documentation of stress fractures, the loading 
on bones in the body does not exceed a strain threshold of 1200-2500 µε for significant 
periods of time (David B. Burr, 2001). At those strain levels, bone failure would occur in 
1 to 10 million loading cycles or approximately 5 to 10 years (David B. Burr, 2001). As a 
result of the high number of loading cycles necessary to reach an injury, there seems to be 
a disconnect between strain and stress levels in the bone and the development of injury. 
Therefore, it is integral to investigate outside factors that can lead to increased injury risk 
and development. One such factor is the increased muscle fatigue that can occur during a 
long run. Thus, studying more closely the connection between muscle fatigue and bone 
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strain during a functional activity like a long, exhausting run may elucidate some of the 
influences on injury development.  
1.1.1 Muscle 
In the body, the minimization of bone stress and bending moments is done through 
muscular forces (Munih, Kralj, & Bajd, 1992; Pauwels, 1980). As the loading on the bone 
and muscles continues throughout the day or exercise, the surrounding muscle may begin 
to fatigue. Muscular fatigue has been defined several ways, with the two distinct types of 
fatigue, central and peripheral, as the first delineation. Central fatigue generally refers to 
anything that is caused by fatigue at the neural level (Boccia et al., 2017) while peripheral 
fatigue addresses the fatigue developed at the muscular level. Peripheral fatigue can occur 
as the result of damage to the muscle, decreased fuel availability, decreased contractility, 
or accumulation of fuel by-products like lactate (Alghannam et al., 2016; Clansey, Hanlon, 
Wallace, & Lake, 2012; Coso et al., 2012; Edwards, 1983; Giandolini et al., 2016). For the 
purpose of this manuscript, we define muscular fatigue as a reduction in the fuel available 
for contraction and a resulting reduction in contraction strength. Once fatigue has set in, 
the exerted muscular force begins to decreases, and changes in kinematics may occur. 
These changes can include increased tibial, sacral, and head acceleration and the 
corresponding increased shock attenuation up the body, changes in joint flexion angles and 
torques, increased vertical loading rates, decreased stride length, increased stride 
frequency, and decreased efficiency of movement (Clansey et al., 2012; Derrick, Dereu, & 
Mclean, 2002; Giandolini et al., 2016; Jewell, Boyer, & Hamill, 2017; Mercer, Bates, 
Dufek, & Hreljac, 2003; Reenalda, Maartens, Homan, & Buurke, 2016). 
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1.1.2 Measuring Muscle Fatigue 
A crucial step to determine muscle fatigue’s influence on kinematic changes and 
tibial strain levels is being able to measure the muscular exertions in the body and 
confirming the development of fatigue. Muscular fatigue can be approximated a variety of 
ways, including maximal voluntary contraction (MVC) force, power output, 
electromyography (EMG), and endurance time (Vøllestad, 1997). Using endurance time as 
an indirect measure, the standard fatiguing protocol consists of determining the anaerobic 
threshold (AT) or the maximal oxygen consumption (VO2.max) and then requiring 
participants to operate at the AT or a percentage of VO2,max for an extended period of time 
(Clansey et al., 2012; Voloshin, Mizrahi, Verbitsky, & Isakov, 1998; Wasserman, Whipp, 
Koyl, & Beaver, 1973). This type of fatigue assumes that fuel stores will be depleted during 
the run, leading to decreased contractility of the muscle (Alghannam et al., 2016), as well 
as damage to the muscle fibers and accumulation of by-products. AT occurs at the point 
where the minute ventilation (Vε) and minute oxygen (VO2) or carbon dioxide (VCO2) 
ratios have begun to increase (Smith & O’Donnell, 1984). However, this can be difficult 
to measure and may make the runner less efficient due to the anxiety of wearing the VO2 
measuring head gear during the fatiguing protocol. This in turn would influence the 
measurement of the AT and VO2,max point, potentially lowering it artificially. Maximal 
voluntary contractions (MVC) have also been used as measures of muscle fatigue. The 
comparison between the MVC before and after the fatiguing exercise allows the researcher 
to feel relatively confident that fatigue has been established (Christina, White, & Gilchrist, 
2001; Jewell et al., 2017; Petersen, Hansen, Aagaard, & Madsen, 2007). However, while 
this can be easy to complete in a lab, it may not be long term fatigue, but instead create a 
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temporary fatigue window. It also does not necessarily measure functional fatigue created 
by dynamic movements such as running. Recent fatiguing protocols have begun to use 
surface EMG electrodes. The changes in the power spectrum and the amplitude of the 
signal can be used to approximate  the fatigue point of the muscles, assuming the dynamic 
changes in movement are either minimized or accounted for (Cifrek, Medved, Tonković, 
& Ostojić, 2009). EMG measurements in dynamic movements have also used power 
spectral analysis, but it is instead based upon changes in both mean power frequency and 
average EMG amplitude to quantify muscular fatigue (Potvin & Bent, 1997). While surface 
EMG measurements have been used to quantify repeated dynamic movements and 
muscular fatigue, it has not yet been validated during a run and these measures can be 
inconsistent, therefore, EMG will not be utilized in this study. Instead, the fatigue will be 
induced by depleting the fuel stores, thus the development of fatigue will fall under the 
endurance time technique. 
1.1.3 Bone and Bone Strain 
Once fatigue has been established, the strain or stress in the bones must be measured 
or approximated. At this point, strain gauges and staples remain the gold standard for in 
vivo bone strain measurements, in spite of their limitations in the human body (D.B. Burr 
et al., 1996; Milgrom, Burr, Finestone, & Voloshin, 2015). While the local in vivo bone 
strain can be measured extremely accurately by gauges or staples, two problems are 
immediately evident. The first involves the placement of the gauges or staples on the 
human bone. In the tibia, placement is hampered by the musculature and is located near 
the neutral axis, leading to inefficient or potentially inaccurate measurements. Strain 
gauges and staples must also be surgically inserted into bone to measure the averaged local 
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strain, and are extremely invasive. Despite these problems, the few studies completed with 
strain gauges have shown an increase in strain following a fatiguing march, but have shown 
little influence on strain during a fatiguing running (Milgrom et al., 2007). However, this 
may have been due to study limitations rather than a lack of change in strain, as the strain 
was measured in one location on the tibia and the fatiguing run distance was only 2 km, a 
relatively short distance for any endurance trained athlete. Therefore, the measured strain 
may underestimate the peak strains on the tibia when a longer fatiguing run is completed. 
The second strain measurement technique uses kinetic and kinematic data to approximate 
stress and strain. The estimated strain can then be distributed on a cross-sectional or 3D 
model of the tibia, allowing an overview of the stress distribution. Due to laboratory 
limitations, the second, reverse dynamics technique will be utilized in this study. 
1.2 Purpose and Hypothesis 
Therefore, through the combination of muscle fatigue and continued exercise, 
loading on the tibia may increase. Increases or maintained stress levels have been 
documented as a result of fatigue in previous studies (D.B. Burr et al., 1996; Clansey et al., 
2012; Milgrom et al., 2015; Yoshikawa et al., 1994). However, these results have relied on 
strain gauge measurements, or have analyzed cross-sectional data. Through the use of force 
platforms, and a multi-camera imaging system, positioning and force data will be taken for 
a single stance phase before and after a fatiguing treadmill run at 80% of the VO2,max. This 
data will then be utilized, along with foot length, height, weight, and the individualized 
marker model, to do a reverse dynamics calculation approximating strain on the tibia. This 
strain will then be modeled on a Finite Element Model (FEM) of the tibia such that 3-
6 
 
dimesional strain distributions can be calculated. We hypothesized that the tibial strain will 
increase in magnitude as a result of a long fatiguing treadmill run.  
1.3 Thesis Outline  
This thesis is organized such that the next section will consist of a literature review 
which begins with target populations and injury incidence before moving into the topic of 
muscle. The muscle section will address the role of muscle in the body, the development 
of muscle fatigue and types of fatigue, and how fatigue changes the running kinematics. 
After muscle, the review will introduce bone by discussing the role of bone, normal 
physiological strain levels in the bone, adaptations to the bone that occur as a result of 
activity, and how muscular fatigue influences bone strains. Finally, measurement and 
modeling techniques will be addressed, including measuring fatigue and strain, calculating 
principal strains, von Mises equivalent strains, and vertical stiffness of the leg. Following 
this review will be a manuscript which focuses on a how muscular fatigue influences tibial 
strain during a long distance running. This thesis will then include a conclusion 
summarizing the findings and how it fills gaps in the literature.  
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CHAPTER 2: REVIEW OF LITERATURE 
 
 
 
2.1 Overview of Literature Review 
 This review of literature begins with a discussion on the prevalence and incidence 
rates for stress fractures among athletes, recreational runners, and military recruits. It then 
passes onto muscle, as muscle is the first layer under the skin which influences bone strain. 
The muscle section includes the role of muscle in regards to bone strain and movement, 
types of muscle fatigue, and changes to running kinematics as a result of muscle fatigue. 
After muscle, the second layer which influence strain, bone, is discussed. The role of bone, 
normal bone strain during activity, adaptations to bone as a result of activity, age, and 
gender, and finally changes to bone strain with muscle fatigue are discussed. After the 
section on bone and bone strain, the final section consists of a discussion on modeling. The 
modeling section covers how to measure muscle fatigue and bone strain, as well as how 
principal and von Mises equivalent strain are calculated, before moving into how bone and 
strain are modeled and how vertical stiffness is calculated. The literature review concludes 
with a summary of the information covered and then moves into the third chapter, the 
manuscript. 
2.2 Populations and Incidence Rates for Stress Fractures 
Stress fractures generally develop in athletes as the result of overuse and a lack of 
recovery. During activity, microdamage to the bone occurs and, without proper recovery 
time, the microdamage can accumulate and lead to injuries like stress fractures. 46-78% of 
high school track and cross country athletes developed stress fractures over the course of a 
year (Bennell et al., 1996; Changstrom et al., 2015). Lower leg stress fractures have also 
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been measured to have an incidence rate of up to 40% in athletes when measured over 7 
years (Changstrom et al., 2015). In addition, between the years of 2009 and 2012, 31,758 
stress fractures were documented in the United States military. Of these stress fractures, 
40% were in the tibia or fibula, by far the largest percentage of stress fractures that occurred 
in the lower extremities (Waterman, Gun, Bader, Orr, & Belmont, 2016). Those that 
generally develop stress fractures are high school cross country and track athletes, 
recreational runners and individuals in the military. Recreational running has increased 
from 25 million participants to 42 million participants in the USA according to a survey 
done in 2014 (Running USA, 2014). If the incidence rate in recreational runners is assumed 
to be the same as in athletes and military recruits, then the absolute number of stress 
fractures that will occur increased from approximately 10 million to 16.8 million. 
Therefore, stress fractures in the tibia are a relatively common injury developed in a variety 
of individuals throughout a year. 
2.3 Muscle 
 Muscle acts on the body to pull the bones through various movements. As a result, 
the muscle exerts force, and can both load and unload the bones. In this section of the 
literature review, the role of the muscles and the important muscles which act on the tibia 
are introduced. Types of muscle fatigue are then discussed, with a short discussion of how 
muscle fatigue is determined. Finally, the changes to running kinematics due to fatigue are 
covered. A summary of the topic of muscle is discussed at the end of the section before 
moving on to bone. 
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2.3.1 Role of the Muscles 
One physiological factor which reduces the loading on the body are the muscles. 
The muscles act to protect the bones and internal organs while individuals go through their 
daily actions. They create a protective force through contraction to reduce the loading on 
the bone and thereby decreasing tensile and compressive stress by counteracting the 
bending that occurs during loading (Munih et al., 1992; Pauwels, 1980). Muscles are 
activated through neural signaling, with the intensity of the signaling determining the 
contraction strength. Muscles that contribute significantly to the protective force at the tibia 
include the soleus, gastrocnemius, rectus femoris, vastus medialis, vastus lateralis, and 
vastus intermedialis. 
2.3.2 Types of Muscle Fatigue 
However, with continued use, the muscles will eventually begin to fatigue. Fatigue 
has been defined several ways, but the majority of researchers consider fatigue to fall under 
two categories, either central or peripheral fatigue. And while there are two types of fatigue, 
it is important to note that fatigue is not exclusively one or the other; it generally falls under 
both categories, with the majority of fatigue due to either central or peripheral fatigue. 
Central fatigue is generally regarded as decreased muscular ability due to the inhibition of 
or decreased neural signaling. This can occur as decreased conduction velocity to the 
muscles, depleted neurotransmitters, or decreased signaling. When conduction velocity in 
the vastus lateralis was measured pre- and post-half marathon, the velocity was found to 
decrease significantly by 6% on average, while the muscle strength as measured by a 
maximal voluntary contraction, was significantly decreased by 13%. When the EMG 
amplitude was measured during the maximal voluntary contraction (MVC), there was a 
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concurrent decrease in amplitude, indicating that signaling to the muscles was decreased, 
and the decrease in MVC was partially due to central fatigue and not just peripheral fatigue 
(Boccia et al., 2017).  
The second definition of muscular fatigue, peripheral fatigue, is generally described 
as depleted fuel stores (Alghannam et al., 2016), decreased muscle contractility (Edwards, 
1983; Giandolini et al., 2016), muscle damage (Coso et al., 2012), or accumulation of by-
products such as lactate and hydrogen ions. In endurance athletes, it has been shown that 
biomarkers of muscle damage such as creatine kinase have significant changes from pre- 
to post-race, correlating with decreased performance in a countermovement jump. 
Therefore, it appears that muscle damage can occur during a race and is potentially 
connected with the fatigue that develops during exercise (Coso et al., 2012). 
Fuel depletion, which indicates the ability of the muscle to create energy, is a 
second way of measuring muscle fatigue. In a study done by Alghannam, et al., it was 
demonstrated that trained endurance athletes running for an average of an hour and a half 
decreased their muscle glycogen stores by 75%. When they were unable to restore their 
muscle glycogen through diet, it was demonstrated that their performance ability was 
decreased compared to those who consumed a high carbohydrate meal. Therefore, muscle 
fatigue may begin to appear during a normal training run of approximately 90 minutes or 
longer, and lead to decreased performance ability (Alghannam et al., 2016).  
Muscle strength is a third way of establishing fatigue. The strength can be 
determined through maximal activities like a countermovement jump or a maximal 
voluntary contraction.  Strength after level or graded running has been found to decrease 
non-linearly after sustained running. Specifically, the strength decreased 15% after 20 km 
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(Ross, Goodall, Stevens, & Harris, 2009), 22% after a marathon (Petersen et al., 2007), and 
40% after a 24 hour laboratory time trial (Martin et al., 2010). However, while the muscle 
strength decreased during the 24-hour time trial, it appeared to be a mix of fatigue systems, 
rather than all one or the other. The knee extensor activation, a signal of central fatigue, 
decreased continuously during the entire measurement period but did not appear to reach 
significance until hour 8. This perhaps indicates that central fatigue played a role later in 
endurance exercise. Measurements of peripheral fatigue, however, were less significant in 
this study. Creatine kinase did accumulate in the muscles, indicating muscle damage (and 
peripheral fatigue) did occur; however, there was limited indication of peripheral fatigue 
as measured by electrical stimulation of the muscle. One limitation of this study was the 
low intensity of the exercise; the participants were exercising at 39% of their VO2,max on 
average, a much lower intensity than most individuals run during a shorter race or distance. 
Therefore, the peripheral fatigue system may not have been as stimulated and may have 
led to limited peripheral fatigue (Martin et al., 2010). With increased intensity, it is possible 
that the main fatigue system will switch from central to peripheral. In a similar study, 
Giandolini, et al. found that significant peripheral fatigue occurred in the plantarflexor 
muscles, leading to flatter foot strikes, regardless of whether they were a forefoot or 
rearfoot runner (Giandolini et al., 2016).  
Because central fatigue is difficult to measure, most studies use a measure of 
peripheral fatigue as muscle fatigue. Therefore, from this point on, fatigue refers to a 
measure of peripheral fatigue. Muscle fatigue as a result of endurance exercise can lead to 
decreased ability to maintain both mechanics and speed as the fuel in a muscle is depleted.  
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2.3.3 Changes to Kinematics Due to Fatigue 
 When muscle fatigue develops, not only are the contractions by the individual 
muscles changed; the dynamic movements of the body are also affected. Two 
interpretations of the mechanical changes during fatiguing exercise have been suggested. 
The first is that the fatigued muscles lead to increased segment acceleration and shock 
attenuation, causing increased loading on the bones. Increased dynamic loading and 
increased acceleration at tibia, sacrum, or head may be associated with fatigue and injury 
(Clansey et al., 2012; Derrick et al., 2002). Significant changes in average and 
instantaneous vertical loading rates have also documented, implying decreased cushioning 
and increased injury risk when comparing kinematics before and after a fatiguing run 
(Clansey et al., 2012; Jewell et al., 2017). However, shock attenuation with fatigue seems 
to have some disagreement in the research, leading to the second interpretation that impact 
is regulated such that it decreases loading on the body as muscles fatigue. While Derrick, 
et al. found that tibial acceleration increased, their results also indicated that head 
acceleration did not change, and thereby implied shock attenuation was increased. Their 
results also found that peak knee angle increased, influencing the effective mass which lead 
to the increased tibial acceleration. The smaller mass would produce a faster acceleration, 
with no change in injury risk (Derrick et al., 2002). Mercer, et al., alternatively, found that 
attenuation decreased after a fatiguing run (Mercer et al., 2003). However, in the two 
studies, there were differences in whether the impact increased. Mercer, et al. found that 
impact did not change from before and after, therefore, the decrease in shock attenuation 
may be the result of other factors than impact. Derrick, et al. found that impacts increased, 
but the increase may have been the result of the change in effective mass rather than the 
16 
 
shock attenuation (Derrick et al., 2002). Therefore, impacts at the leg may be an important 
consideration for whether shock attenuation increases and injury risk is increased. 
Other kinematic changes have been noted in joint torques and angles. Increased 
rearfoot eversion and free moment (Clansey et al., 2012), as well as decreased ankle torque 
(Jewell et al., 2017), and increased peak knee angle (Derrick et al., 2002; Jewell et al., 
2017; Reenalda et al., 2016) were also documented, which may lead to a decrease in the 
effective mass, and therefore decrease the loading on the bone. The kinematic changes may 
also indicate there is a change in form which influences strain, perhaps attributing more 
evidence to the second interpretation of shock attenuation and injury. Kinematic changes 
in stride length and frequency occur over a long distance run, and may be related to muscle 
fatigue (Mercer et al., 2003; Reenalda et al., 2016). If stride frequency increases, then 
length will decrease with maintained speed, leading to increased cushioning at impact and 
decreased loading (Derrick et al., 2002; Giandolini et al., 2016; Reenalda et al., 2016). 
However, if stride length is increased, increased braking forces are necessary and therefore, 
torques will increase. This can lead to increased loading. 
Fatigue and kinematic changes also influence the efficiency and oxygen 
consumption of the exercise. During a prolonged cycling bout lasting 2 hours, gross 
efficiency was shown to decrease beyond 90 minutes when compared to the initial 
measurement. In addition, oxygen uptake increased as the cycling continued, albeit it was 
not continuously significant (Hopker, O’Grady, & Pageaux, 2017). Similarly, in running 
after a graded exercise test, oxygen uptake was found to increase 16% (Mercer et al., 2003). 
When maximal power output after the 2 hour cycling period was assessed, the output was 
found to have decreased significantly when compared to the initial maximal power output. 
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Therefore, this indicates that both the efficiency and maximal ability have decreased during 
a sustained endurance exercise bout, perhaps as the result of muscle fatigue and decreased 
mitochondrial efficiency (Hopker et al., 2017). Therefore, it appears that many kinematic 
changes can develop during a bout of endurance exercise, perhaps leading to increased 
injury risk as a result of muscle fatigue. 
2.3.4 Summary of Muscle 
 Muscle is integral to movements, and also acts as a protective force during 
locomotion. Several muscles, including the gastrocnemius, soleus, and quadriceps group, 
cross the ankle and the knee to induce movement and counteract loading on the tibia. As a 
result of continuous, repetitive loading such as running, muscle fatigue may begin to occur. 
Fatigue falls under two categories, either central or peripheral, and through the summation 
of the two types of fatigue, muscular fatigue occurs. Central fatigue generally considers 
anything that affects the neutrally signaling, while peripheral fatigue is any fatiguing which 
changes the physiological status of the musculature itself. Muscular fatigue can influence 
kinematics during endurance exercise, inducing subject specific changes such as increased 
segment acceleration, increased or decreased shock attenuation, increased knee flexion, 
flatter feet at impact, as well as other changes to efficiency and oxygen consumption. And 
while muscle is important to the movement, without the bones, actions would not be 
completed. 
2.4 Bone  
Bone is the second level of physiology which is integral to the movement of the 
body and, as previously mentioned, may develop overuse injuries as a result of activity. 
Therefore, the second section of this review of literature is rightly oriented towards 
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explaining the purpose of bone during activity. After introducing the role of bone, the 
normal physiological strain on the bone is discussed. Following the discussion of normal 
strain, adaptations to the bone which develop as a result of strain as discussed and the 
resulting changes in bone strength and stiffness are covered. Finally, the influence of 
muscle fatigue on bone strain is covered. A summary of the topics covered in this section 
is presented before moving on to the following topic of modeling. 
2.4.1 Role of the Bone 
The final load, after adjustment by the contractions of the muscles, will fall upon 
the bones. The bones provide a stable support system for the body, and absorb and dissipate 
stress throughout the body. However, during repetitive loading cycles, microdamage can 
begin to occur, decreasing the strength and load capacity of the bone. The decreased 
strength could eventually lead to injuries (Yeni & Fyhrie, 2002). During running, the bones 
bend and twist due to the load created by the ground reaction force. The anterior-posterior 
(AP) bending can range from 0.09 to 0.31 degrees, while the torsion has been measured to 
range from 0.11 to 0.25 degrees, with both rotations measured relative to the distal tibia 
(Yang et al., 2014). Peak bending occurs around 22% of stance, while peak torsion occurs 
around 76% of stance (Yang et al., 2014). Therefore, the peak strain should occur in the 
mid-stance period. Peak resultant moments occurs in the distal end of the tibia around 40% 
of stance, creating tensile moments on the anterior side of the tibia (Hadid et al., 2014; 
Phuah, Schache, Crossley, Wrigley, & Creaby, 2010). This may indicate that stress fracture 
location is related to this peak moment and may result from this loading during stance. 
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2.4.2 Normal Strain during Activity 
During activity, normal bone strain in the legs can range from 1200-2500 
microstrains (µε) (David B. Burr, 2001). The number of loading cycles at this strain level 
to develop bone failure ranges between 1 and 10 million cycles or 5 to 10 years of loading 
with no rest (David B. Burr, 2001; Zioupos, Wang, & Dphil, 1996). As the number of 
cycles increase, the microdamage on the bone will accumulate and lead to decreased 
strength and increased injury risk. The damage appears to have a linear relationship with 
cycles to failure, and will begin to accumulate around 20% of total loads to failure or 2 
million cycles (Zioupos et al., 1996). The strains in the tibia specifically have been 
measured to range between -517 and  -1226 µε in compression and 625 and 743 µε in 
tension (D.B. Burr et al., 1996). In general, the strain is distributed in torsion as well as in 
shear directions. During a single stance, force on the tibia can range between 8 and 14 BW 
in compression and 0.4 and 5 BW in the posterior shear direction during mid stance, with 
peak forces experienced close to the junction between the bottom third and the middle of 
the tibia. This region is the most common area for stress fracture development, perhaps 
indicating that peak forces are an important factor in stress fracture risk (Burdett, 1982; 
Hadid et al., 2014; Sasimontonkul, Bay, & Pavol, 2007; Scott & Winter, 1990). This 
implies that, while stress fractures do develop, they are not a spontaneous injury. Instead, 
there must be some continual damage that occurs which leads eventually to a stress fracture 
in the tibia.  
2.4.3 Adaptations to Bone 
 When the loading of the bone is increased, microdamage can occur and lead to 
adaptations. These adaptations mostly occur as changes to the bone density and therefore, 
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the bone strength. The underlying theory of when these adaptations occur is referred to as 
the Mechanostat theory, where adaptations are developed as the result of strain or stress. If 
strain or stress are increased, additional bone elements are added, while bone removal is 
completed when strain or stress is decreased (Cowin, 1986; Wolff, 1892). These 
adaptations are typically seen in athletes or active individuals are a result of their activities. 
In military recruits, increases in the trabecular and cortical components of the tibia were 
measured as the result of 10 weeks of training. Additionally, bone strength and bone 
geometry at 38 and 66% of the tibia (diaphyseal sites) were significantly higher at the end 
of training (Izard, Fraser, Negus, Sale, & Greeves, 2016). In unilateral jump events such as 
pole vault or high jump, it has been documented that specific bone density and radius 
changes occur in the jump leg when compared to the lead leg. This implies that repetitive 
loading will create adaptations to the bone that will increase its ability to withstand impacts 
and strain (Weatherholt & Warden, 2016). When comparing the influence of activity on 
tibia shaft cross-sectional area in twins, it has been shown that tibia area is increased, as is 
cortex and moment of inertia, in the active twin compared to the inactive twin. The activity 
also increased the bone mineral density and cortical thickness at the distal tibia, therefore 
indicating that function adaptation occurs as a result of activity (Ma et al., 2009). In rats 
that were immobilized, the bone mineral content decreased by 64.0% and the bone mineral 
density decreased by 47.0% (Yuen-Chi Lau, Qian, Po, Li, & Guo, 2017). This indicates 
the loss of bone density experienced during decreased loading situations, the other side of 
the Mechanostat theory which can occur when activity is halted or loading is decreased. 
Therefore, loading on the bone not only can increase bone density, but decreased loading 
or immobilization in athletes and active individuals can result in adaptations to the bone. 
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In running specifically, increased bone remodeling has been seen at the distal end 
of the tibia, thereby making the bone appear less dense but higher in volume and cross-
sectional area. Other spots on the tibia, where decreased loading occurred, did the opposite 
and began to lose bone density (Weidauer, Eilers, Binkley, Vukovich, & Specker, 2012). 
These results contradict other studies that have found increased bone mineral density. Other 
studies have found that proximal tibia volumetric bone mineral density (vBMD) increased 
up to training 30-50 kilometers per week, and that the cortical index (CI) was also increased 
over that of sedentary individuals (Dériaz et al., 2010). Volumetric bone mineral content 
(vBMC) at the diaphysis increases as speed increases. Sprinters had the highest vBMC, 
followed by middle distance, long distance, race walkers and then controls. However, this 
trend was not continued with volumetric bone mineral density. This may be related to the 
size of the tibia, as cross-sectional area increases as speed increases. If the increase in 
vBMC is not proportional to the increase in cross-section, then the vBMD may not increase 
consistently with speed. This would imply that the strength in compression for the bone is 
increased as speed increases, as vBMC and vBMD can approximate bone strength in 
compression (Wilks et al., 2009). In rats, significant increases in bone volume and cross-
sectional area have been documented following continued repetitive stimulation of 
muscles. This implies that bone adaptations to loading may be the result of both impact 
and muscular contractions (Vickerton et al., 2014). The bone strength in torsion and 
bending as measured by cross-sectional moments of inertia in the proximal two-thirds was 
increased for runners in both males and females when compared to sedentary individuals, 
and always higher in men than in women. Cortical BMC was increased in male runners 
over that of sedentary males, and increased from the distal end to approximately half way, 
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and decreased as it went from halfway to the proximal end. In addition, men always had 
higher BMC than women, but women had higher vBMD than men (Capozza et al., 2013). 
So not only does exercise and increased loading cause adaptations to the bone, but it also 
can increase the strength of the bone and reduce the risk for injury.  
In addition, the loading pattern and bone morphology may change in runners with 
a history of stress fractures. In those with previous stress fractures, there appears to be a 
more medially directed frontal plane loading pattern during the majority of stance than 
those without a history of stress fractures (Creaby & Dixon, 2008). In another study, there 
were no differences in medial and lateral stresses, however, there were significant 
differences in the anterior and posterior tensile stress, with decreased cross-sectional area 
and increased medial bending. Therefore, the increased stress may be the result of the 
smaller area and increased bending, rather than loading difference (Meardon, Willson, 
Gries, Kernozek, & Derrick, 2015). This implies that stress fractures influence the loading 
pattern on the tibia, with the potential for bone adaptations which determine the stress 
distribution that occurs. A negative correlation has also been found with tibia area and 
injury risk in males, albeit not with military recruits with a history of stress fractures. As 
the tibia decreased or became more brittle, the risk of injury increased (Tommasini, Nasser, 
Schaffler, & Jepsen, 2005). However, Tommasini et al. also found that the bending 
modulus increased as the cross-section decreased. Thus, despite the smaller area, the bone 
displayed similar overall stiffness to larger bones. This may be an adaptation within the 
body to reduce the risk of injury and to maximize the strength of the bone, in spite of the 
smaller area (Tommasini et al., 2005). It therefore appears that bone morphology plays a 
significant role in the development and continual risk of stress fractures. 
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 Exercise and injury history are not the only factors that influence bone 
characteristics. Age, sex, and mass can also influence the bone mineral density. It has been 
noted that women, especially after menopause, lose bone density faster than men (Lang et 
al., 2012; Riggs et al., 2004). In addition, in males between the ages of 17 and 46, a 
correlation was found between cortical bone strength and age, where the cortical bone 
became more brittle and weaker as the age increased (Tommasini et al., 2005). Over a 
wider age span, there appears to be between a 21% and 30% loss of bone between the ages 
of 20 and 90, depending on the sex of the individual (Riggs et al., 2004). As a result of the 
decreased bone mineral density, there is a decrease in the Young’s modulus for the tibia as 
the individual ages, leading to a decrease in the ability of the bone to withstand high strains 
(Burstein, Reilly, & Martens, 1976). Morphological differences are also seen when 
comparing male and female bones. In general, women have shorter bones with smaller 
cross-sections than men. The lean body mass also influences the bone; weight loss in 
elderly decreases bone density, especially elderly women (Lang et al., 2012). This may be 
the result of decreased muscle mass, and therefore, decreased reaction forces on the bone. 
These adaptations increase the protection on the bone as loading occurs over time, but it 
seems it is not quite enough to stop injuries from developing. 
2.4.4 Muscular Fatigue and Bone Strain 
However, despite the adaptations that develop in bone and the muscular protection, 
there are still stress injuries that develop in bone. This implies some outside factor is 
increasing the strain such that it exceeds an injury threshold. One such factor may be 
muscle fatigue. During a fatiguing run at VO2,max velocity, local muscle endurance in the 
hip and knee flexors and extensors was found to decrease as time passed (Hayes, Bowen, 
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& Davies, 2004). This decrease in knee flexors and extensors may influence the loading on 
the bone at the end of the run. When military recruits performed a 2 km fatiguing run, 
tension strains, as measured by strain gauges placed on the antero-medial tibia, were 
increased by 26% when compared to pre-run (Milgrom et al., 2007). Therefore, fatigue 
appears to increase measured strain on the tibia in the antero-medial section of the tibia. 
However, this increase may underestimate the total increase in strain measured during a 
fatiguing long distance run, as 2 km is not a significant distance and strain measurements 
were taken while walking rather than running. In addition, strain gauges can only measure 
local strain in the tibia, as they can only be placed on one side of the tibia, and cannot 
measure cross-sectional or 3-dimensional strain distributions. When the same military 
recruits performed a fatiguing march, tension strains increased significantly, while 
compressive strains decreased. Muscle fatigue was confirmed by measuring the 
gastrocnemius torque, which decreased significantly after the march but not the run. 
Therefore, the changes in strain appear to be partially influenced by muscle fatigue 
(Milgrom et al., 2007). When bone strain was investigated in foxhounds following 20 
minutes of fatiguing exercise, the principal bone strain was found to increase 26-35%. 
Muscle fatigue was verified in the quadriceps muscle by the decrease in signaling 
frequency (Yoshikawa et al., 1994). 
In contrast, in a study investigating muscle fatigue and bone strain produced by 
various outdoor activities, the bone strain post-fatigue in young adults did not change 
significantly, while the strain in older adults was non-significantly increased. The strain 
rate, however, did increase significantly and may more significant role in the development 
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of stress fractures (Fyhrie et al., 1998). Therefore, muscle fatigue may be a considerable 
factor in increased bone strain. 
2.4.5 Summary of Bone 
 Bone acts to support the body and allow for movements. As a result of these 
movements, strain and stress are introduced to the bones. During normal activity, strain 
can range between 1200 and 2500 με. However, this loading would require between 1 and 
10 million impacts before stress injuries develop. Thus, it is unlikely that stress fractures 
will occur quickly as a result of normal exercise. To protect from stress fractures, 
adaptations to the bone develop as a result of strain and stress. The general concept is 
entitled the Mechanostat theory, which describes how bone growth occurs in locations of 
increased strain, while bone loss occurs in areas of decreased strain. Other factors like 
injury history, age, sex, and body mass can influence the bone density and morphology. 
However, injuries still develop despite the adaptations and protective forces from muscle 
contractions. Therefore, some outside factor must lead to increased strain and injury risk. 
Finally, the influence of muscle fatigue on bone strain was discussed in regards to previous 
research. In general, previous research indicates that bone strain in the tibia either increases 
or stays the same as a result of muscle fatigue. Thus, muscle fatigue may play a significant 
role in the development of stress injuries. However, in order to determine the role of muscle 
fatigue on bone strain, it is important to be able to model the body, muscle, and strain. 
2.5 Modeling 
 Modeling strain is an important part of analyzing injuries like stress fractures. As a 
result, the first topic discussed in this section is how muscle fatigue measured. The 
discussion then moves to measuring stress and strain in the bone and the various techniques 
26 
 
that are used in the literature. After taking data, a series of calculations and assumptions 
must be made to produce the principal strains from kinetic and kinematic data. From the 
three principal strains, a single strain value, called the von Mises equivalent strain, can be 
calculated. Lastly, the vertical stiffness of the leg can be determined as a test of kinematic 
changes. A summary of the modeling section is presented at the end of the topic. 
2.5.1 Measuring Muscle Forces and Fatigue 
 While there has been evidence that muscle fatigue can influence the strain on the 
bone, measuring muscle fatigue has been tricky and difficult. Several techniques are used 
in the literature, including electromyographical (EMG) signaling, an endurance test to 
voluntary exhaustion, contraction strength, and the lactate threshold (Vøllestad, 1997). 
EMG can be easily applied, will accurately record contraction, and recently, has been used 
for measuring fatigue in both dynamic and static movements (Cifrek et al., 2009; Öberg, 
1995; Potvin & Bent, 1997). However, it does require specific analysis such as power 
spectral analysis, and does not directly measure fatigue. It also can be confusing to analyze. 
Endurance tests to voluntary exhaustion typically are set at either a standard or 
individual intensity based upon maximal oxygen consumption (VO2,max) or regular running 
speed. These intensities are determined by a maximal oxygen test such as the Bruce test, 
the modified Bruce test, or the Modified Astrand test. The tests use a combination of grades 
and speeds to get the individual to their maximal oxygen consumption, which is recorded 
by a metabolic cart. The intensity is then set at a percentage of the VO2,max (Voloshin et al., 
1998; Wasserman et al., 1973). This types of muscle fatiguing exercise can be easily done 
in a lab setting, and may be relatively quick, and includes the additional benefit of 
determining the fitness of the individual. However, there is no direct connection between 
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fatigue and VO2. In addition, using VO2,max to prescribe an intensity can be subjective and 
relies on the individual to push themselves to their maximal ability.  
Contraction strength measured through repeated maximal muscular contractions 
can be used as either a pre and post measure of strength and contractility, or used to directly 
fatigue the muscles (Christina et al., 2001; Jewell et al., 2017; Petersen et al., 2007). As a 
result, it is easily completed in the lab, allows the fatigue to be focused on specific muscles, 
and allows easy comparison. However, it may not be a long term fatigue; instead it may be 
a short, temporary fatigue. In addition, this type of fatigue may not be the same as fatigue 
from a dynamic motion such as running.  
Lactate threshold can be measured during exercise and used to determine fatigue. 
Lactate concentration in the muscle has been correlated with fatigue, and allows for 
individualized and accurate measures of muscle fatigue, if a muscle biopsy or lactate test 
is completed (Clansey et al., 2012; Vøllestad, 1997). However, this type of measurement 
does require invasive procedures, as well as only being determined after the data collection 
is complete. The literature has revealed studies that utilize each of these methods, with the 
individual test chosen based on testing requirements, researchers abilities, and the lab 
equipment available. However, for this study, we will be considering muscle fatigue as 
developing during a run to voluntary exhaustion.  
2.5.2 Measuring Strain and Stress 
 Through the combination muscular forces and the loading of the bone, strain and 
stress will be distributed on the bone. The most common ways to measure this strain 
includes strain gauges and staples, and kinetic and kinematic measurements used in reverse 
dynamic calculations. Strain gauges and staples are considered the gold standard for stress 
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and strain measurements. However, they need to be inserted into the bone and cannot 
measure cross-sectional or 3-dimensional stress unless they are placed on both sides of the 
bone. This is nearly impossible on the tibia due to muscular placement around the bone. 
Therefore, these measurements are limited to the anterior and medial side of the tibia, and 
only allow the measurement of local stress. However, studies have been done using gauges 
and staples (D.B. Burr et al., 1996; Milgrom et al., 2015). A second, less invasive option 
is to use a combination of kinetic, kinematic, and anthropometric data to determine first 
the ground reaction forces, and then the muscle forces and stress through a series of 
calculations and optimizations. However, these types of measurements require 
approximations about the muscle forces, bone characteristics, and several other factors and 
may not represent realistic situations. Due to laboratory and medical limitations, most 
studies prefer to use the reverse dynamics technique over that of the strain gauges and 
staples (Derrick, Edwards, Fellin, & Seay, 2016; Meakin, Price, & Lanyon, 2014; Meardon 
& Derrick, 2014; Meardon et al., 2015; Rooney & Derrick, 2013). For validation of the 
reverse dynamics method, when the cross-sectional stress approximated using an inverse 
dynamics calculation method at the most common stress fracture point (62% from the 
proximal end of the tibia) was compared strain gauge data at the same point, there were no 
significant differences between the stresses. Therefore, it has been shown that reverse 
dynamics calculations are effective at estimating strains on the tibia (Derrick et al., 2016). 
2.5.3 Calculating Principal Strain 
 Modeling techniques after data collection vary depending on the type of data. For 
strain gauge data, the strain and stress are immediately available for analysis. However, 
reverse dynamics calculations require several assumptions and calculations. First is the 
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rigid body assumptions. Most researchers assume that the segments of the body can be 
treated as rigid bodies, and therefore, do not act as a compliant material. This then reduces 
the complication of the model and allows for fewer calculations. The second assumption 
is that microdamage does not occur during the measurement period. This may cause strain 
estimations that are slightly over or under the actual strain. For the calculations, reverse 
dynamics techniques use kinematic data from cameras and kinetic data from a force plate 
to approximate the forces at the joints, muscles and contact areas. These forces can then be 
modeled in a simulation to determine the principal strain and stress. 
2.5.4 Calculating von Mises Equivalent Strains 
 Once the principal stress or strain has been calculated, they can be converted to Von 
Mises equivalent strain or stresses to compute a single value for each element. The Von 
Mises equivalent strain represents the deformation which can occur under the strain and 
allows the comparison of the strain distribution to a failure criterion. The equivalent strain 
can be computed using the following equation. 
𝜀 =  √
2
3
(𝜀1
2 + 𝜀2
2 + 𝜀3
2) 
where ε represents the von Mises equivalent strain, and ε1, ε2, and ε3 are the first, second, 
and third principal strains. The equivalent strain is generally compared to a yield criterion 
such as the Weibull probability of failure or the von Mises yield criteria (Hosford, 2013). 
2.5.5 Modeling the Strain 
Several models are currently in use throughout the research, including a cross-
sectional model, a finite element analysis (FEA) model, and a finite element model (FEM). 
The cross-sectional model analyzes the stress or strain upon a single, 2-dimensional slice 
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of the bone, typically at the height of the peak stress or strain. FEA models of the bone will 
use a simulation with the properties of the bone to model reaction of bone to loading. 
Typically, FEA models will be smaller than FEM bones. FEM of the bone consist of a 3-
dimesional virtual model of the real object. The virtual model is created through the 
placement of vast numbers of nodes or connection points, which are linked to neighboring 
points to create a mesh. This mesh both builds the 3-dimensional shape and can be used to 
add the physical properties of the object. The physical properties, such as stiffness, shear 
strength, compressibility and many other properties, can be added to the model to create 
an accurate representation of the real object. This simulated object can then be tested during 
various loading situations to determine strain and stress, when fracturing occurs, loading 
thresholds, and many other realistic situations. FEM of the bones and other objects have 
been used by many researchers to determine the fatigability of the object, the break point, 
and many other properties (Chen, Luo, & Rong, 2012; Lang et al., 2012; Patton, McIntosh, 
& Kleiven, 2015; Väänänen, Grassi, Flivik, Jurvelin, & Isaksson, 2015; Wagner, Lindsey, 
& Beaupre, 2011). These models can use CT scans of the tibia to determine the 
physiological properties of the bone, allowing the FEM to be a custom model for each 
individual. However, if only one CT scan from a general individual is available, certain 
scaling parameters are necessary to build a more accurate bone for each individual 
(Ruchiraha, Puttapitukporn, & Sasimontonkul, 2014; Tarapoom & Puttapitukporn, 2016). 
Scaling can include length of the tibia, cross-sectional area, Young’s modulus and density, 
as well as other properties. 
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2.5.6 Calculating Vertical Stiffness and Kinematic Variables 
 In addition to the strain and the von Mises strain, the vertical stiffness of the leg 
can be calculated to help determine if kinematic changes occur as a result of fatigue. The 
stiffness indicates the compliance of the leg during impact and may allow the individual to 
control the deceleration of the leg, perhaps influencing the strain on the bone. If the 
stiffness is increased, the deceleration time will be decreased, and strain on the bone will 
increase. The opposite occurs if the stiffness is decreased. Therefore, if the stiffness 
changes during fatiguing, there may be an influence on the bone strain which develops. 
McMahon, Valiant, and Frederickson investigated the influence of stiffness during 
Groucho running. This calculation method treats the leg as a spring and uses the ground 
reaction force and the change in length to approximate the stiffness coefficient k (T. A. 
McMahon, Valiant, & Frederick, 1987). The stiffness coefficient is then used to compare 
stiffness during different loading parameters. Stiffness values are generally related to 
speed, as stiffness increases as speed increases in a power-law manner (T. A. McMahon et 
al., 1987). In general, the stiffness will range between approximately 15 and 55 kN/m 
during treadmill running (T. A. McMahon et al., 1987; Morin, Dalleau, Kyröläinen, 
Jeannin, & Belli, 2005; Pantoja, Morin, Peyre-Tartaruga, & Brisswalter, 2016) and 
approximately between 25 and 85 kN/m during overground running depending on the 
speed (Joseph, Bradshaw, Kemp, Clark, & Brad-Shaw, 2013; Morin et al., 2005). 
 Other kinematic changes, such as stride frequency and length, stance time, joint 
angles, can be measured or calculated. These changes are generally used to determine the 
underlying physiological causes and are measured through the use of a multiple camera 
system. The camera system allows the building of a 3-dimensional virtual model of the 
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individual and their mechanics. Therefore, this data can be analyzed and compared to find 
any changes in kinematics which lead to the results.  
2.5.7 Summary of Modeling 
 Modeling is an integral part of research into strain on the bones, as it is difficult to 
directly measure the muscle fatigue and strain on the bones. As a result, muscle fatigue is 
measured several different ways, including electromyographical (EMG) signally, 
endurance time, maximal voluntary contractions (MVC) and lactate concentrations. Bone 
strain is also difficult to directly measure, but it is not impossible. Most studies utilize 
reverse dynamics, which requires approximations and assumptions, but strain gauges and 
staples are occasionally used, despite the invasiveness. Once the strain is measured, it can 
then be modeled by either directly distributing it or through a series of calculations. These 
calculations require kinematic, kinetic, and anthropometric data to determine joint 
moments, muscle forces, and contact forces before being distributed on the model. From 
this model, the principal strains will be estimated. The principal strains can then be used to 
calculate the von Mises equivalent strain, which condenses the principal strains into a 
single value, and is generally used to analyze deformation of the material. The model can 
consist of a cross-section of bone, a finite element analysis, or finite element model of the 
bone. The FEM and FEA models use a mesh with the physiological properties of bone 
created by connecting thousands of points to build a 3-dimensional shape. The final 
analysis available analyses the kinematic data. From these data, the vertical stiffness and 
compliance of the leg, as well as stride length and frequency, stance time, and a variety of 
other factors can be determined. This data can be useful in determine what caused the 
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changes. Modeling is an integral and extremely useful tool for measuring the changes that 
occur within the body, despite the time intensive work and programming requirements. 
2.6 Overall Summary 
 Stress injuries typically develop as the result of microdamage from activity, with a 
lack of recovery and healing time. However, strain and stress have not been measured at a 
level which exceeds an injury threshold. Therefore, there must be changes during activity 
which lead to injury. One such factor may be the development of muscular fatigue during 
activity. Muscles can reduce the load on the bone through contraction, and act to maintain 
kinematics. If the contraction strength decreases, then the kinematics and loading on the 
bone may change, leading to changes in bone strain as a result. As the muscles begin to 
fatigue, kinematic changes which influence bone strain will develop. These kinematic 
changes can include increased knee flexion, joint torques, shock attenuation and impact, as 
well as many other changes. The second layer which helps loading and movement is the 
bone. The bone acts to absorb the impact from movements and allows efficient movement 
of the limbs. Overtime, the loading, when properly managed, will lead to adaptations such 
as increased bone mineral density, and volume, can occur which increase the strength of 
the bone. However, if the proper recovery time or the loading is too high, the risk of injury 
may increase as a result of muscle fatigue. Muscle fatigue has been shown to increase strain 
when measured by strain gauges, but the functional fatigue effect induced by a long run 
has not been yet studied. To determine the strain on the bones as a result of fatigue, the 
muscle fatigue must be confirmed.  Measuring techniques like reverse dynamics 
calculations, and strain gauges and staples can be used to determine the principal strain 
either through a series of calculations or directly. The principal strain can then be used to 
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calculate the von Mises equivalent strain, which correlates to deformation. This strain can 
then be modeled as cross-sectional, finite element analysis and finite element models of 
the bone. In addition, kinematic changes can be calculated to help determine the underlying 
mechanical causes of the strain changes. 
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CHAPTER 3. BONE STRAIN CHANGE AS A RESULT OF A LONG 
DISTANCE RUN MODELED ON A FINITE ELEMENT TIBIA 
 
 
Jenna K. Burnett, Timothy R. Derrick 
 
ABSTRACT 
 
Stress injuries typically develop as a result of overuse and lack of recovery. 
However, despite a 7 year stress fracture incidence rate of approximately 40%, in vivo bone 
stresses and strains do not approach levels of ultimate strength. Therefore, there must be 
outside factors such as muscle fatigue which lead to increased strain and injury risks. 
PURPOSE: Muscle fatigue during a long distance run may lead to increased bone strain in 
the tibia, and result in increased injury risk. METHODS: Sixteen runners did a graded 
treadmill test to determine max heart rate and VO2,max, which were then used to set the 
fatiguing speed for the long distance run. Before and after the fatiguing run, participants 
completed 10 trials over the force platform and through the field of view of an eight camera 
system within 5% of the fatiguing speed and with the right foot hitting the platform. Stance 
phase was analyzed for joint, muscle and contact forces. These forces were then distributed 
on an individually scaled finite element model (FEM) tibia and the peak principal strain 
location and magnitude were determined. The magnitude and location of pre- and post-
principal strain and von Mises equivalent strain were compared using a repeated measures 
t-test. RESULTS: Peak principal strains in both compression and tension were significantly 
reduced at the point of peak contact forces (P < 0.001). In addition, von Mises equivalent 
strains decreased significantly at the 95th percentile and median values (P< 0.001). 
CONCLUSION: The hypothesis that strain magnitude would increase as a result of fatigue 
was not supported. Several variables such as triceps surae muscle force, vertical stiffness, 
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and step width were altered by the run but none of these changes reached statistical 
significance. Model inputs were slightly decreased, and perhaps may have been the reason 
for the decrease. Further research is necessary to determine the exact reason. Limitations 
for this study included not including a fibula in the model, maintaining bone properties 
from pre- to post-fatigue, and a lack of quantification of fatigue.  
3.1 Introduction 
 
 Stress fractures frequently develop in athletes, military recruits, and recreational 
runners as a result of increased training, overuse, or lack of recovery (Bennell et al., 1996; 
Changstrom et al., 2015; Waterman et al., 2016). The majority of lower limb stress 
fractures develop in the tibia according to studies which documented stress injuries in a 
variety of athletes, and in military recruits (Changstrom et al., 2015; Waterman et al., 
2016). In addition, recreational running increased from 25 million in 2004 to 42 million in 
2014, according to a survey done by Running USA (Running USA, 2014). This indicates 
that the absolute number of runners who develop stress fractures should increase as well, 
leading to higher number of injuries. However, despite this high incidence rate, there 
appears to be a disconnect between the development of stress injuries and strain within the 
bone. As a result, outside factors such as muscle fatigue may play a role in the development 
of injuries. 
 Muscle acts to control movements through contraction and may counteract bending 
of the bones. When the ankle joint reaction force is directed anterior to the tibia it tends to 
bend the bone concave anterior. The major muscle group that counteracts this tendency is 
the ankle plantar flexors which bend the tibia concave posterior (Munih et al., 1992). 
However, as repetitive motions like running continue, the main muscles may begin to 
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fatigue, relying either on other muscle groups or altered kinematics to maintain the 
movement. Fatigue can be classified into central or peripheral, but fatigue is never 
exclusively one or the other; instead it is a mix of the two with a predominance toward one. 
Central fatigue develops as a result of decreased neural signaling, specifically, decreased 
excitatory input, increased inhibitory input, or a decrease in the neuron response to inputs 
are believed to be the main components (Nicol, Komi, & Marconnet, 1991; Taylor & 
Gandevia, 2008). Central fatigue has been shown to play a significant role in long 
endurance races like ultramarathons and multiple hour long races (Boccia et al., 2017; 
Martin et al., 2010). Peripheral fatigue, on the other hand, is the result of changes below 
the motoneural level, and can be measured through muscle damage (Coso et al., 2012), 
decreased muscle strength (Edwards, 1983; Giandolini et al., 2016), lactate accumulation, 
and fuel depletion (Alghannam et al., 2016). Because there are so many definitions of 
fatigue, and this study is focused on functional fatigue due to running approximately 112 
minutes, from this point on, fatigue will be considered the depletion of fuel stores, 
accumulation of lactate, and the decreased ability that should develop. When runners 
participated in a volitional exhaustive run which lasted 90 minutes on average, muscle 
glycogen was found to decrease significantly, plasma lactate increased from approximately 
1.4 to 3.5 mM, and performance was decreased in a second run if carbohydrates were not 
consumed (Alghannam et al., 2016). Therefore, as a result of a long, moderate intensity 
run, fatigue may be assumed to occur due to changes in the muscular fuel stores. 
 As a result of fatigue, kinematic changes have been documented which may change 
loading. Two strategies are currently considered in regards to kinematic changes, with the 
first being that fatigue causes an increase in shock attenuation and acceleration that leads 
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to increased injury risk. Increased segment acceleration has been measured as a result of 
fatiguing runs, as well as increased vertical loading (Clansey et al., 2012; Derrick et al., 
2002; Jewell et al., 2017). However, there has been disagreement about the influence of 
shock attenuation. Derrick et al. found an increase in shock attenuation with an increase in 
tibial acceleration, while Mercer et al. found a decrease in shock attenuation and no 
increase in acceleration as a result of fatigue (Mercer et al., 2003). Therefore, shock 
attenuation may be individual specific. The second explanation of kinematic changes is 
that they develop to reduce the strain on the body by increasing compliance. The increased 
compliance can develop through increased knee flexion and decreased effective mass, 
decreased vertical stiffness, or changes to joint torques (Derrick et al., 2002; Jewell et al., 
2017; T. A. McMahon et al., 1987) 
 In addition to the above kinematic changes, efficiency decreases and oxygen 
consumption increases with fatigue (Hopker et al., 2017; Mercer et al., 2003). These 
changes are most likely due alternate recruitment strategies which are required to maintain 
the running form as it begins to breakdown. These kinematic changes may influence the 
loading on the body, and the bone strain upon impact.  
 As the kinematic changes develop through fatigue, strain on the bone will change. 
Bone acts as the framework for the body and helps to maintain the movements and form. 
Normally, physiological strain is well below that of the injury threshold at approximately 
1200-2500 microstrains (με) (D.B. Burr et al., 1996; David B. Burr, 2001; Milgrom et al., 
2015). In general, the strain is due to the bending and torsion that occurs on the tibia during 
the stance (Yang et al., 2014). This level of strain is not enough to create a stress fracture 
unless 1 million to 10 million loading cycles or approximately 5 to 10 years are completed 
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with little recovery (David B. Burr, 2001). Therefore, there is a disconnect between 
physiological loading and stress injury development, implying outside factors must play a 
role. 
 One such factor is muscle fatigue. In previous research, bone strain in the tibia as 
the result of fatiguing exercise has been shown to increase or to be maintained (Fyhrie et 
al., 1998; Milgrom et al., 2007; Yoshikawa et al., 1994). However, these studies used strain 
gauges to measure in vivo strains, and only measured strain at a single location on the 
periphery of the bone. In addition, the placement requirements of the strain gauges meant 
that they were placed on the bone near the neutral axis, perhaps underestimating the change 
in strain that occurred. As a result, the next step is to model the strain using a 3-dimensional 
finite element model (FEM). Up to this point, few studies have used FEM bones to analyze 
strain, and no studies have been completed analyzing strain changes on a FEM bone due 
to fatigue. Therefore, this study fills the gap by analyzing strain changes in a 3-dimensional 
FEM tibia due to the fatigue that develops on a long distance treadmill run. The hypothesis 
is that the strain will increase significantly as the muscles fatigue and the bone begins to 
absorb more of the loading. 
3.2 Methods 
 
3.2.1 Inclusionary Criteria and IRB Approval 
 
 The lab protocol for this study was approved by the Institutional Review Board at 
Iowa State University. The participants all signed Informed Consent documents before 
participating in the protocol. Subjects were required to be running at least 20 miles a week, 
injury free, and between the ages of 18 and 50. 16 recreational runners were included in 
this study, 5 women and 11 men. Table 1 displays subject characteristic data. 
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Table 1: Anthropometric data for the 16 participants 
 
 
Males (mean ± 
SD) 
Females (mean ± 
SD) 
Total (mean ± 
SD) 
N 11 5 16 
Age (years) 27.45 ± 7.94 22.20 ± 2.77 25.9 ± 6.94 
Mass (kg) 70.12 ± 7.25 57.62 ± 5.80 66.25 ± 8.65 
Height (meters) 1.77 ± 0.06 1.72 ±0.04 1.75 ± 0.07 
Weekly Mileage 28.91 ± 10.05 48.00 ± 7.71 35.47 ± 12.74 
VO2,max (mL/kg/min) 55.59 ±8.99 57.96 ± 5.31 56.01 ± 7.78 
Maximum Heart Rate 
(bpm) 
183.82 ± 10.79 192.60 ± 5.86 187.06 ±10.10 
Resting Heart Rate 
(bpm) 
65.55 ± 9.16 62.00 ± 11.11 64.76 ± 9.37 
70% Heart Rate Range 
(bpm) 
148.34 ± 9.02 153.42 ± 2.71 150.37 ± 7.85 
Running time (min) 110.94 ± 41.82 115.86 ± 53.37 112.92 ± 42.59 
Fatiguing Speed (m/s) 3.36 ± 0.37 3.37 ± 0.15 3.36 ± 0.30 
Pre-Run Collection 
Speed (m/s) 
3.34 ± 0.30 3.35 ± 0.13 3.35 ± 0.25 
Post-Run Collection 
Speed (m/s) 
3.33 ± 0.32 3.38 ± 0.15 3.35 ± 0.27 
 
3.2.2 Lab Protocol 
 
 The protocol occurred over two visits set within 10 days of each other. It was based 
on a study by Alghannam, et al. which measured muscle glycogen stores and plasma lactate 
before and after a run to voluntary exhaustion. The study by Alghannam et al. required 
participants to run to three exhaustion points during a single long run, and measured the 
muscle glycogen, lactate accumulation, and repeatability of performance. The muscle 
glycogen decreased significantly, while the lactate increased significantly as a result of the 
long run, indicating fatigue had developed. In addition, the repeatability of the run was 
significantly decreased if carbohydrate and fuels stores were not replenished, therefore, the 
ability of the participants to maintain kinematics and decreased bone strain should be 
diminished (Alghannam et al., 2016). 
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3.2.2.1 Visit One 
 
The first visit lasted for approximately an hour and consisted of a graded treadmill 
VO2,max test. This test followed the Bruce protocol(Bruce, 1971) and was completed on an 
automated Quinton Q55 treadmill (Mortara Instrument, Milwaukee, WI, USA) with the 
speed and grade increased every 3 minutes as shown in Table 2.  
 
Table 2: Bruce VO2,max Treadmill Protocol 
Time 
(min) 
Speed 
(mph) 
Incline 
(grade) 
0 1.7 10 
3 2.5 12 
6 3.4 14 
9 4.2 16 
12 5.0 18 
15 5.5 20 
18 6.0 22 
21 6.5 24 
24 7.0 26 
 
Participants were instructed to walk or run for as long as possible and to signal when they 
were reaching their max. The researcher then encouraged them to continue if possible to 
ensure their max was reached. However, when they decided to quit, they were instructed 
to stop by holding the handrail and stepping on to the side rails. After stopping, the 
treadmill was set to 1.2 mph at a 0% incline for 5 minutes for a recovery period. During 
the whole test, the VO2 rate and heart rate were recorded every 15 seconds until the 
participant reached the end of the recovery period. Heart rate was recorded using a Polar 
chest strap (Polar USA, Lake Success, NY, USA) while VO2 rate data were recorded on a 
Physiodyne Max-II metabolic cart (AEI Technologies, Pittsburgh, PA, USA). From these 
data, the maximum VO2 rate and heart rate were recorded. The maximum heart rate was 
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used to calculate 70% of the heart rate reserve (HRR), which was then used to prescribe 
the speed for the second visit. 
3.2.2.2 Visit Two 
 
 The second visit consisted of the fatiguing protocol, and lasted approximately 3 
hours on average. When the participants entered the lab, 20 reflective markers were 
attached by double sided tape to bony landmarks. The markers placed on the skin were also 
secured by Kinesiology Tape to ensure that they stayed on for the full visit. After the 
placement of the markers, the participant again put on the Polar chest strap, which was then 
synced to a Polar watch for heart rate monitoring. They then proceeded to do a warm up 
on a Trackmaster (Full Vision, Newton, KS, USA) treadmill such that the speed at which 
70% of their HRR was reached. To begin, the participants were asked their regular long 
run pace, and started the warm-up slightly below that pace until the heart rate stabilized. 
The speed was then adjusted up or down based upon how the current heart rate compared 
to the 70% HRR. The adjustment of the speed was continued until 70% HRR was reached 
and the heart rate was stable. The warm up took between 5 and 10 minutes. The speed at 
which the 70% HRR was reached will be referred to as the fatiguing speed and was the 
speed at which trials over the force platforms and the fatiguing run were performed.  
3.2.2.3 Data Collections 
 
After the warm up, the Vicon Nexus 8 camera system (Vicon, Oxford, UK) was 
utilized to measure the neutral segment angles in a static trial, which was later used in 
analysis. Participants were then instructed to run over two AMTI force platforms (AMTI, 
Watertown, MA, USA) such that their speed was within 5% of the fatiguing speed and 
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their right foot hit the force platforms without a change in running mechanics. Data were 
recorded at 2000 Hz for the force platforms and 200 Hz for the cameras. The collection 
time for each trial consisted of 2 seconds. To determine their speed when they were in 
contact with the force platform, a Matlab (Mathworks, Natick, MA, USA) program was 
run which calculated the speed of the sacral marker during right foot contact.  
10 baseline trials were recorded that fulfilled the criteria mentioned above. After 
the baseline trials, the participants were asked to run on the treadmill for as long as possible 
at the fatiguing speed until they needed to walk. They were allowed to drink water ad 
libitum, could listen to music, and had a fan to keep them cool. When they reached the 
point where they needed to walk, they were instructed to slow the treadmill down to a self-
selected speed and walked for 2 minutes at this speed. After the 2 minute period, they were 
instructed to again set the treadmill to the fatiguing speed and were again asked to run until 
they needed to walk. Upon their second request to walk, they again slowed the treadmill 
down and walked for 2 minutes. After this walk, the participants started to run for a third 
time at the fatiguing speed. Upon a third request to walk, the fatiguing run was completed 
and any markers which had fallen off were replaced. After maker replacement, the 
participants completed a second series of 10 trials over the force platforms with the same 
criteria as the baseline trials. Once these trials were over, a second static trial was taken 
and then the markers were removed. Foot length was recorded and the fatiguing visit was 
over. 
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3.2.3 Data Analysis 
 
3.2.3.1 Joint Moments 
 
From the fatiguing visit, the recorded kinematic and kinetic data were used in a 
series of calculations to determine the contact forces at the joints. Both marker data and 
force platform data were filtered with a low-pass cut off frequency of 20 Hz to minimize 
artifacts (Bisseling & Hof, 2006). An anthropometric model was created using segment 
masses estimated from the regression equations of Dempster (Dempster, 1955) and 
segment moments of inertia and center of mass locations estimated from Hanavan 
(Hanavan Jr, 1964). External forces, kinematics, and anthropometrics were combined using 
standard inverse dynamics techniques applied to a rigid body model to estimate 3D joint 
reaction forces and moments at the hip knee and ankle. 
3.2.3.2 Musculoskeletal Model 
 
 The 3D helical angles of the lower extremity joints were used as input to a 
musculoskeletal model. The model was based on the parameters in Arnold et al. and 
implemented in  Matlab (Arnold, Ward, Lieber, & Delp, 2010). Briefly, the model 
contained 44 musculotendon units, insertion points, and maximum static muscle forces as 
well as other pertinent muscle parameters. The maximum static muscle forces were scaled 
to insure they could produce enough force to create the measured joint torques for each 
trial. The model was animated using joint angles from the motion analysis so that force-
velocity and length-tension characteristics could be taken into account when maximum 
dynamic forces were estimated. Muscle orientations and moment arms were also estimated 
from the model geometry for each frame of data. 
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3.2.3.3 Optimization 
 
 The actual dynamic muscle forces were determined using a constrained static 
optimization technique (Matlab fmincon function with interior point algorithm). The 
muscle force solutions were bound by zero and the maximum dynamic muscle forces 
estimated using the musculoskeletal model. The solutions were further constrained such 
that the sum of the muscle torques were equal to the inverse dynamic torques at the hip 
(sagittal and frontal plane), knee (sagittal plane), and ankle (sagittal plane). The solution to 
this constraint is not unique and therefore the set of muscle forces that minimize the sum 
of the squared muscle stresses was selected as the optimized solution. 
 
𝑢 = 𝑀𝑖𝑛 ∑ [
𝐹𝑖
𝐴𝑖
]
244
𝑖=1
 
Subject to: r𝑗𝑘 × F𝑖 = M𝑗𝑘 and  0 ≤ F𝑖 ≤ Fmax𝑖 
where Fi is the estimated muscle force of the i
th muscle, Ai is the physiological cross 
sectional area of the ith muscle, rjk is the muscle moment arm for each j
th joint and kth plane 
of motion, Mjk is the joint moment for the j
th joint and kth plane of motion, and Fmaxi is the 
maximal dynamic muscle force for the ith muscle. 
3.2.3.4 Finite Element Model 
 
Ankle joint contact force was calculated by summing the forces in each muscle that 
crosses the ankle joint with the joint reaction force from the inverse dynamics. The contact 
force and each muscle force vector attached to the tibia were used as external forces in a 
finite element model of the tibia. The finite element model was built by first scaling a 
reference model tibia to the individualized length and cross-sectional area. The cross-
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sectional area scale was proportional to the individual’s mass (T. McMahon, 1973), while 
length was scaled to the length of the subject’s tibia.  
𝑠𝑐𝑎𝑙𝑒𝑎𝑟𝑒𝑎 = √
𝑚𝑎𝑠𝑠𝑠 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ𝐶𝑇
𝑚𝑎𝑠𝑠𝐶𝑇 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ𝑠
 
 
where masss is the mass of the subject, massCT is the mass of the reference individual, 
lengths is the length of the subject’s tibia, and lengthCT is the length of the reference tibia. 
The Young’s modulus and material properties of the bone were also scaled back 
from the age of the reference tibia to approximately the individual subject’s age. To do 
this, the relationship between age and material properties needed to be determined. Riggs 
et al. measured the volumetric density of the tibia in male and female 20-29 year old and 
90-99 year old populations (Riggs et al., 2004). The average apparent density for each 
population was then converted to Young’s moduli as described by Snyder and Schneider 
(Snyder & Schneider, 1991).  
 
𝐸 = 109.59𝑑𝑎
2.39 
 
where E is the Young’s modulus, and da is the apparent density or volumetric density of 
bone. From the two converted moduli, the percent loss per decade was calculated as a linear 
tread and the percent loss was then used to create a scale factor. The factor was then used 
to scale the reference tibia to the density of the subjects based upon the difference in age. 
The scale factor was multiplied with the material properties of the reference tibia to 
determine the individualized Young’s modulus and materials.  
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𝑠𝑐𝑎𝑙𝑒𝑓 = (99 − 𝑎𝑔𝑒) ∗ 0.0082 + 1 
𝑠𝑐𝑎𝑙𝑒𝑚 = (99 − 𝑎𝑔𝑒) ∗ 0.0062 + 1 
 
where scalef is the scale factor for females, scalem is the scale factor for males, and age is 
the age of the subject. 
To create the FEM tibia, a model of a tibia was retrieved from the VAKHUM 
database and was based upon a CT scan of a female cadaver (age: 99 years, height: 155 
cm, mass: 55 kg). The material properties and geometry were represented by 68,956 
hexahedral elements and 413,736 nodes. Positive values in the mesh coordinate system 
were proximal, anterior, and lateral. The fixed boundary conditions of the model were at 
the top of tibia in the all directions, on the proximal and distal medial sides in the anterior-
posterior (AP) direction and the distal medial side in the medial-lateral (ML) direction. The 
material properties of the mesh were an isotropic elastic. FEBio software (FEBio, Salt Lake 
City, UT, USA) was utilized. The muscles included in the model were the tibialis anterior, 
tibialis posterior, soleus, gracilus, gastrocnemius, tensor fascia latae, sartorius, biceps 
femoris long head and short head, semimembranosus, semitendinosus, and patella 
ligament. The principal strains were calculated during the frame at which the peak distal 
contact force occurred.  
3.2.3.5 Strain Calculation 
 
For the pre- and post-fatiguing run, the von Mises equivalent strains were computed 
as described by Hosford (Hosford, 2013).  
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𝜀 =  √
2
3
(𝜀1
2 + 𝜀2
2 + 𝜀3
2) 
where ε is the von Mises equivalent strain, and ε1, ε2, and ε3 are the three principal strains. 
In order to reduce the influence of a single abnormal strain value, the 95th percentile 
and median von Mises equivalent strains between 60 and 80% from the proximal end of 
the tibia were compared during the pre- and post-fatiguing runs. This is the region of the 
tibia that is most likely to receive a stress fracture (Sanderlin & Raspa, 2003). The vertical 
stiffness of the body was also computed as a possible explanatory variable (T. A. McMahon 
et al., 1987). 
3.2.4 Statistical Analysis 
 
 A repeated measures t-test and Cohen’s d (Cohen, 1988) were computed for the 
peak principal strains, and von Mises equivalent strains. 
3.3 Results  
 
3.3.1 Peak Principal and von Mises Equivalent Strains  
 
Principal strains were computed using the finite element model (FEM) tibia. Peak 
principal strains occurred on the posterior side of the tibia for compression and anterior 
side for tensile strains. Average 95th percentile von Mises strains on this segment of the 
FEM tibia during peak ankle contact force are displayed below in Figure 1. Peak strains 
typically were found on the lateral and medial side of the bone for the 60 to 80% segment. 
The von Mises median (841.13±109.67 µε, 800.72±125.60 µε, p = 0.013) and 95th 
percentile (3431.31±477.90 µε, 3210.24±501.04 µε, p = 0.001) values are displayed in 
Table 3. The strains were significantly decreased from pre- to post-fatiguing run at the 0.05 
level. The effect size was calculated as Cohen’s d for repeated measures (Cohen, 1988) 
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and gave a value of 1.09 for the 95th percentile and 0.71 for the median von Mises strain. 
Both Cohen’s ds are considered a large effect.  
 
Table 3: Average±SD median and 95th percentile von Mises equivalent strain for both 
conditions  
Condition Pre Post Difference p-value Cohen’s d 
Average 
Median von 
Mises 
Equivalent 
Strain (µε) 
841.13    
±109.67 
800.72     
±125.60* 
40.14 0.013 0.71 
Average 95th 
Percentile 
von Mises 
Equivalent 
Strain (µε) 
3431.31 
±477.90 
3210.24   
±501.04* 
221.07 0.001 1.09 
‘*’ indicates significance at p<0.05  
 
 
 
Figure 1: Ensemble average of the von Mises equivalent strain (με) for the two conditions (pre-fatigue on the left, post-
fatigue on the right) during peak ankle contact force at 60 to 80% from the proximal end of the tibia. Peak von Mises 
strain has decreased in the post-fatigue figure on the medial side.  
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3.3.2 Changes in von Mises Equivalent Strain Distribution 
 
To insure that individual regions of the section of bone did not substantially 
increase strain while other locations decreased strain, we examined the post- minus the pre-
von Mises strain (Figure 2). Positive values indicate an increase in strain, while negative 
values indicate a decrease in strain from pre- to post-fatigue. Slight increases in strain 
occurred on the anterior and posterior side, while larger decreases occurred on the medial 
and lateral sides of the bone segment. The largest strain increase in the ensemble mesh was 
33.5 µε, and the largest decrease was 295.2 με. 
 
Figure 2: Ensemble average of change in strain from pre- to post-fatigue. This segment indicates the location of peak 
strain changes in the tibia occurred on the medial side of the bone, with slight increases on the anterior and posterior side 
of the bone. 
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3.4 Discussion 
 
 This study investigated the influence of muscle fatigue on tibial bone strain as a 
result of a long distance run. The hypothesis that the strain would increase when compared 
before and after a long run on a treadmill was not supported.  
3.4.1 Bone Strain 
 
The results, contrary to the hypothesis, indicate that the strains do not increase, but 
instead decrease. The average 95th percentile von Mises equivalent strain decreased from 
3431.31 ±477.90 με to 3210.24 ± 501.04 με, a difference of 221.07 με. The location of the 
peak von Mises strain rotated clockwise as it moved from the proximal to the distal end of 
the tibia. At the proximal end of the shaft, the peak strains occurred on the posterior side, 
and then rotated toward the medial side at the distal end.  
3.4.1.1 Comparison of Results 
 
Yoshikawa et al., and Milgrom et al. found that strains increased, while Fyhrie et 
al. found strains did not change following fatiguing exercise. However, the type and 
duration of exercise may play a role in the change in fatigue. Yoshikawa et al. used 
foxhounds and fatigued the dogs for 20 minutes on an inclined treadmill (Yoshikawa et al., 
1994). Milgrom et al. had participants complete 5 hours of light exercise and then a 2 km 
run and a 30 km march and then measured the strains while walking (Milgrom et al., 2007). 
Fyhrie et al. also used a mix of outdoor activities and a volitional exhaustive run to fatigue 
their participants. Similarly to Milgrom et al., their strain measurements were taken while 
walking, perhaps changing the strain distribution. In addition, Fyhrie et al. found that strain 
rate increased as a result of fatigue and postulated that strain rate is a better explanation of 
injury development than strain magnitude (Fyhrie et al., 1998). Our current research did 
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not compute strain rate. Differences in the results may lie in the type of exercise and data 
collection style. The data for the current study was collected while the participants ran 
overground at the same speed they completed the fatiguing exercise. In addition, the 
fatiguing exercise was exclusively running on a treadmill and lasted an average of 
112.92±42.59 minutes. There is the potential that the specificity of exercise may have 
influenced the fatigue the participants experienced, leading to the decreased, rather than 
increased strains. Another factor that may have played a role in the difference between 
previous research and ours is the measurement of the strain.  Yoshikawa, Milgrom and 
Fyhrie attached strain gauges directly to the bone or to bone pins that were imbedded in 
the bone. Our method used finite element modelling to estimate bone strains throughout 
the bone while the strain gauge method measures the bone strain only at the location that 
it is mounted – typically the anterior medial aspect of the human tibia. The strain gauge 
method is more direct and can measure the strain throughout the stance phase but if the 
mounting is close to the neutral axis of bending it can vastly underestimate the strain 
(Derrick et al., 2016).  
3.4.1.2 Other Possible Explanations for Strain Decrease 
 
The decrease in von Mises equivalent strain may be the result of two different 
physiological changes. The first theory is that the strain decreased as the result of a change 
in kinematics. If the knee flexion angle increased, the bone strain may be decreased as the 
bending and effective mass decrease (Derrick et al., 2002). With a more flexed knee, the 
direction of the vertical ground reaction force changes and the resulting loading distribution 
will change. However, for this study, the opposite actually occurred with the knee 
becoming more extended during midstance, perhaps indicating that there was an increase 
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in the effective mass, rather than a decrease. The decrease in the knee flexion angle also 
indicates that the participants were not as compliant in their running. This would imply that 
there was less cushioning and that the strain should increase rather than decrease. 
Therefore, there must be something else influencing the strain than the knee angle. 
Vertical stiffness can also influence kinematics and strain. A decrease in vertical 
stiffness could increase compliance and strain would decrease as a result. However, in this 
study, while the stiffness does decrease, it is not a significant decrease. The magnitude of 
stiffness does agree with previous research; Joseph et al., Heise and Martin, and Morin et 
al. found that the stiffness during running ranged between 25 and 85 kN/m based on the 
speed, with the stiffness at the average fatiguing speed between 30 and 34.5 kN/m (Heise 
& Martin, 1998; Joseph et al., 2013; Morin et al., 2005). Thus, there may be a slight 
increase in compliance and decrease in strain due to changes in vertical stiffness, but it 
cannot be the only change which contributes to the change in strain. 
Additional changes in ankle contact force, muscle forces, and ground reaction force 
could influence the strain as well. If ankle contact force and muscle forces decreased, then 
the model could output a decrease in the strain. It does appear that the ankle contact forces 
and muscles forces decreased slightly from pre- to post-fatigue, and there is the potential 
that this artificially decreased the model output, therefore indicating that strain decreased. 
 In contrast, the second theory is that the stride characteristics change, leading to a 
change in strain. If the stride frequency increases or the stride length decreases while 
maintaining the same speed, the deceleration requirements upon impact would decrease, 
and thereby decrease the strain. Many studies have found that stride length decreases or 
frequency increases as a result of muscle fatigue (Giandolini et al., 2016; Mercer et al., 
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2003; Reenalda et al., 2016). However, this does not appear to have occurred during this 
study, as stance time and overall average speed over the force platform were not different 
from before to after the fatiguing run. Therefore, it is unlikely that stride length or 
frequency changed. A second option for changes in stride characteristics is that stride width 
increased. In a study by Meardon et al., when stride width increased, the normal stress on 
the medial side decreased significantly compared to a preferred stride width (Meardon & 
Derrick, 2014). In this study, the stride width during mid-stance increased slightly, but may 
not have increased to the extent measured in the Meardon study. Therefore, there is a 
possibility that the decreased strain in this study is partially due to the slight widening of 
step width. However, it is important to note that the Meardon study used normal stress, and 
not principal strain or von Mises strain, therefore, transformation into the same unit would 
need to be done to confirm results. 
3.4.2 Changes in Strain Distribution 
 
 While the magnitude of the 95th percentile von Mises strain decreased, the decrease 
occurred mostly on the medial side. This indicates that the decreased occurred in the 
compressive strain, while the tensile strain on the lateral side of the bone did not experience 
as much change. The large decrease on the medial side occurs in the location of the peak 
von Mises strain in both the pre- and post-fatigue conditions, when Figure 1 and Figure 2 
are compared. There was a slight increase on the anterior and posterior sides of the bone, 
perhaps due to changes in tensile strain. The slight increases match the location of 
microdamage found in a bone material study done by Fleck; cracks began to develop on 
the posterior side of the bone (Fleck, 2010). This could indicate that, despite the decrease 
in von Mises strain, the maintained or slightly increased strain may still play an important 
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role in the development of injuries. However, while there is no other study with which to 
compare the distributions of changes, when the placement of strain gauges in previous 
studies is considered, the slight increases on the anterior side in Figure 2 agree with the 
strain gauge locations (Milgrom et al., 2007; Yoshikawa et al., 1994). This perhaps may 
indicate that the results agree with previous research, but the decrease was not found in 
previous research due to method limitations. In addition, the agreement with previous 
fatigue studies indicate that treating the 60 to 80% region as a whole did not cause any 
information to be missed in the localized strain. 
3.4.3 Limitations 
 
 This study had several limitations associated with the modelling process. Chief 
among these are the unchanging bone material properties and the lack of a fibula. 
Microdamage within the bone will occur as cyclical loading progresses, but researchers 
disagree on when this microdamage will significantly alter bone material properties. 
Research indicates that bone damage and decreases in elastic modulus are related to stress 
and loading cycles. As the stress increases, the number of cycles to failure decreases, and 
the elastic modulus will decrease (Zioupos et al., 1996). Other research indicates that small 
cracks may develop when bone is constantly loaded at approximately 20 MPa of stress for 
2 million load cycles (Fleck, 2010). Therefore, it is possible that microdamage began to 
occur on the tibia, leading to reduced elastic modulus and increased bone strain. In addition, 
the maximum static muscle forces and the muscle optimization method were not updated 
from pre- to post-fatigue. It is possible that the maximum muscle forces were decreased 
post-fatigue, and by not adjusting them, the fatigue would not be reflected in the model. 
The lack of a fibula likely altered the strain distribution in the tibia. Goh et al., and Thomas 
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et al. suggested the fibula contains between 3.6 and 13.0% of the force in the tibia, 
depending on foot and ankle orientation when the bones were loaded vertically (Goh et al., 
1992; Thomas, Harris, Willis, Lu, & MacEwen, 1995). However, it is unlikely that the lack 
of a fibula altered the strain between pre and post fatigue. While muscle fatigue was not 
directly quantified in this study, it is likely that muscle fatigue due to fuel depletion did 
occur because of the requirement that the subjects to run beyond the first volitional 
exhaustion point and due to the average duration being over the expected 90 minutes. 
Finally, this analysis was performed at a single point in time during the stance phase (peak 
ankle contact forces). Although this point is likely the point of peak stress it is not 
guaranteed to be so.  
3.5 Conclusions 
 
 As a result of a long distance run, strain generally decreased within the tibia when 
modeled on a FEM tibia. Von Mises strain decreased significantly on the medial side of 
the tibia, and increased slightly on the anterior and posterior side of the tibia. The decrease 
may be due to changes in the model inputs, the combination of slight, non-significant 
changes to kinematics such as stiffness, muscle forces, adjustments to stride width, or a 
combination of these factors. In addition, changes in strain rate may be an important 
consideration in regards to injury, and should be investigated using the FEM tibia. It is 
possible that the results of this study show how the body automatically adjusts to protect 
itself from high strain injury risk through multiple small alterations to kinematics and 
kinetics.  
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CHAPTER 4. CONCLUSIONS AND FUTURE RESEARCH 
 
 Bone strain in the tibia as influenced by muscle fatigue during a long distance run 
was investigated. The expected result was that bone strain would increase; however, there 
was a large decrease and slight increases in bone strain when pre- and post-fatigue strain 
was compared. The von Mises equivalent strain decreased significantly on the medial side, 
while also increasing non-significantly on the posterior and anterior side. This may 
disagree with previous research that strain increases throughout the bone, as previous 
research with strain gauges has indicated that strain increased. However, the strain gauge 
placement is restricted to the anterior medial side of the bone and can only measure 
localized strain. In addition, as the gauge placement gets closer to the neutral axis, the 
measured strain will be underestimated. Therefore, it is possible the measured increase in 
the previous research was the result of method limitations and the lack of decreased strain 
occurred due to strain gauge placement.  
4.1 Clinical Significance 
This study indicates that the strain on the bone in deformation does not actually 
increase, leading to the continued question of what causes stress injuries to develop despite 
the lack of injury threshold strains. In addition, ambiguous kinematic changes have led to 
inconclusive results as to the underlying reason for the decrease in strain. These two results 
together imply that factors other than muscle fatigue may play an important role in the 
development of stress injuries. These factors may include strain rate, continued loading 
beyond a single long distance run, microdamage accumulation over time with a lack of 
recovery and bone adaptation time. While this study did not implicate muscle fatigue as a 
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major proponent of injury risk, it does perhaps reveal that muscle fatigue may not be as big 
of a worry as previously thought. However, research which agrees with these results will 
need to be done to prove whether that statement is true. 
4.2 Future Research 
 Previous research has indicated that strain rate may play a more important role in 
injury risk, therefore, future research should investigate what muscle fatigue does to strain 
rate while running. In addition, future research should be done to prove the validity of these 
results, and to investigate what caused the decrease in strain measured during this study. 
Finally, future research should be done to determine the influence of multiple bouts of 
fatiguing exercise on strain, strain rate, and bone material properties. Because stress 
injuries are overuse injuries, increased strain may develop after several bouts rather than a 
single, long bout of exercise. 
 Modeling techniques require further research as well; specifically, the effects of 
microdamage need to be added to the model to determine if it will significantly change the 
post-fatigue strain. The model used in this study only analyzed the strain on the tibia; 
therefore, a fibula should be added to the model to investigate the changes in strain which 
result with the additional bone. Finally, personalized CT scans of the tibia and fibula or 
more individualized bone density properties should be used to create a more accurate model 
of the strain.  
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